Although optimal medical management of acute severe ulcerative colitis (UC) is ill-defined, infliximab has become a standard of care. Accumulating evidence suggests an increased rate of infliximab clearance in patients with acute severe UC and a reduced colectomy rate with an intensified infliximab induction regimen.
SUMMARY Background
Although optimal medical management of acute severe ulcerative colitis (UC) is ill-defined, infliximab has become a standard of care. Accumulating evidence suggests an increased rate of infliximab clearance in patients with acute severe UC and a reduced colectomy rate with an intensified infliximab induction regimen.
Aim
To assess the strength of the current evidence for the relationship between infliximab pharmacokinetics, dosing strategies and disease behaviour in patients with acute severe UC.
Methods
We systematically searched MEDLINE and conference proceedings from 2000 to 2016 for relevant articles describing the pharmacokinetics of infliximab in acute severe UC and/or infliximab dose intensification strategies in acute severe UC. Eligible articles described randomised controlled trials, and cohort, cross-sectional, and case-controlled studies.
INTRODUCTION
Ulcerative colitis (UC) is a chronic, relapsing inflammatory disease of the colon and rectum resulting from an inappropriate immune response against environmental factors, including luminal antigens, in a genetically predisposed host. 1 In the majority of patients, only the rectum or the left colon is affected, resulting in rectal bleeding, diarrhoea, tenesmus and lower abdominal cramps. Notwithstanding that the disease has a mildto-moderate course in the majority of patients, approximately 20%-25% develop at least one severe acute exacerbation requiring hospitalisation. 2 Acute severe UC is a potentially life-threatening condition that requires early recognition and timely intensive treatment. A diagnosis of acute severe UC can be made using the modified criteria of Truelove and Witts, and is defined by the presence ≥6 bloody stools per day and at least one sign of systemic toxicity including a pulse rate >90 bpm, temperature >37.8°C, haemoglobin < 10.5 g/dL and/or an erythrocyte sedimentation rate >30 mm/h. 3 Patients with acute severe UC should be hospitalised for electrolytes and nutritional support, and timely initiation of medical therapy. 4 Sixty years after the seminal observations by Truelove and Witts, intravenous corticosteroids remain first-line medical therapy for acute severe UC. However, 30%-40% of patients fail corticosteroid therapy and need rescue therapy with ciclosporin or infliximab. 5, 6 Failure rates of these secondary therapies can regrettably reach 40%-50% in the short-term (within 3 months) and 70% in the long-term (within 3 years), necessitating colectomy in approximately 45% of patients within 5 years. 7 These results require a critical re-evaluation of the approach to medical rescue therapy. Specifically, there is considerable uncertainty regarding the optimal dosing approach for infliximab following presentation with refractory acute severe UC. In a survey of members of the Crohn's and Colitis Foundation of American Clinical Research Alliance and the International Organization for Inflammatory Bowel Disease, 76% of respondents indicated use of an intensified dosing regimen for acute severe UC, either through increased infliximab concentration (>5 mg/kg per dose) and/or an accelerated dosing schedule. 8 Some respondents indicated this regimen was standard practice, but most indicated empirical infliximab dosing according to disease severity, serum C-reactive protein (CRP) and albumin concentrations and/or serum infliximab concentrations. 8 These practices are inconsistent with current evidence-based recommendations that do not support these approaches or recommend intensified infliximab dosing regimens for patients with corticosteroid-refractory acute severe UC. 4, 9, 10 In this article, we review the current literature on the efficacy and safety of an intensified infliximab dosing regimen in acute severe UC based on available pharmacokinetic and clinical data, and synthesise the evidence to propose considerations for a randomised controlled trial designed to compare a dose-optimisation strategy with a standard of care approach.
METHODS

Search strategy and study selection
We searched MEDLINE (Ovid), EMBASE (Ovid) and CENTRAL (The Cochrane library) databases for records from 2000 to 2016, without language restriction. The following search strategy was used: 1. severe*.mp; 2.
(acute* AND severe*).mp; 3. 1 and 2; 4. colitis.ti; 5. infliximab.ti; 6. 3 and 4 and 5. Bibliographies of relevant studies, review articles and meta-analyses were handsearched to identify additional studies. This search yielded a total of 400 citations of which 66 were identified as duplicates and removed ( Figure 1 ). Randomised controlled trials (RCTs), cohort, case-control and crosssectional studies were eligible provided they reported on pharmacokinetics of infliximab in adult acute severe UC patients, on prognostic markers for acute severe UC outcome, or on the use of infliximab treatment intensification strategies in acute severe UC patients. Seventy-six citations were eligible for analysis ( Figure 1 ).
RESULTS
Outcomes for acute severe UC patients receiving infliximab rescue therapy The first randomised controlled trial of infliximab therapy in corticosteroid-refractory acute severe UC was conducted by Sands et al. in 2001 who reported superior clinical, biochemical and endoscopic responses to infliximab compared to placebo. 11 However, the small sample size (11 patients) precluded any definitive conclusions. A subsequent placebo-controlled trial by Jarnerot et al. found a lower 90-day colectomy post-randomisation in moderateto-severe corticosteroid-refractory UC patients (N = 45) given a single 5 mg/kg infliximab infusion compared with those assigned to placebo (67% vs. 29%, P = 0.017). 12 A recent comprehensive review that summarised the efficacy data of infliximab for acute severe UC from both observational and randomised studies reported short-term (3 months) response rates ranging from 50% to 83%, and long-term (1-5 years) rates ranging from 50% to 65%. Short-term colectomy rates ranged from 0% to 50% and long-term rates ranged from 35% to 50% in the infliximab groups. 7 Two randomised studies comparing infliximab to ciclosporin for acute severe UC found no important differences in the efficacy or safety of these agents. 5, 6 A meta-analysis of studies that investigated infliximab and ciclosporin as rescue therapy in corticosteroid-refractory UC also found no significant differences between infliximab and ciclosporin in RCTs, in contrast to earlier observational studies that favored infliximab (5 mg/kg) over ciclosporin as a rescue therapy, and which demonstrated both a higher treatment response rate and a reduced 3-month colectomy rate with infliximab therapy. 13 This meta-analysis found no difference between infliximab and ciclosporin with regard to the incidence of drug-related adverse events (14.1% and 12.8%), postoperative complications (15.9% and 11%), or mortality (1.0% and 0.9%). 13. Based on data from these RCTs, current guidelines do not recommend one option over the other, [14] [15] [16] although the 2012 Canadian guidelines state that ciclosporin should only be given to azathioprine-naive patients. 9 In practice, however, many gastroenterologists consider infliximab the preferred agent on the basis of ease of administration and lack of nephrotoxicity.
Despite the availably of these two treatment options, high short-term colectomy rates support a need for improved outcomes for patients with acute severe UC. For example, 45% (120 of 270) of patients required colectomy during follow-up in the UK CONSTRUCT trial, with the majority of these surgeries occurring within in the first month post-discharge. 6 In the previously described study by Jarnerot et al., the median time to operation in the infliximab group was 8 days, 12 and in a large Swedish cohort of hospitalised corticosteroidrefractory acute severe UC most infliximab treatment failures necessitating colectomy were observed during the first 14 days of treatment. 17 These data suggest that opportunities for treatment optimisation and to avoid colectomy are greatest in the days and weeks following presentation.
Rationale for an intensified infliximab dosing regimen in acute severe UC Pharmacokinetic data. Monoclonal antibodies are large molecules that are cleared by pinocytosis and gradual The search strategy identified 400 references of which 66 were duplicates and removed. Two hundred sixty-four of the remaining 334 records were excluded because they did not meet the eligibility criteria or provided insufficient information for analysis. Six supplemental references were manually retrieved, resulting in a total of 76 records included for analysis. acidification in endosomes, followed by fusion with lysosomes and proteolysis by the mononuclear cells of the reticuloendothelial system ( Figure 2) . 18, 19 This pathway is mainly regulated through Fc gamma receptors that have been identified to play a role in response to tumour necrosis factor-a (TNF-a) antagonist therapy. 20 A recycling mechanism exists for immunoglobulin G antibodies, which bind to the neonatal Fc receptor at low pH. This drug-receptor complex is subsequently carried back to the cell surface and dissociates at neutral pH. As a result, the immunoglobulin G antibody escapes degradation in the lysosome and returns to the serum. 18 Therapeutic immunoglobulin G1 antibodies such as infliximab participate in this recycling mechanism, resulting in longer drug half-lives. Factors influencing the clearance rate of infliximab in patients with acute severe UC are shown in Figure 2 .
Total inflammatory burden: Serum and mucosal TNF-a concentrations correlate with disease activity in UC. [21] [22] [23] The clearance of infliximab is influenced by the amount of soluble and transmembrane TNF-a, present in both Figure 2 | Pharmacokinetic mechanisms that influence the clearance rate of infliximab in patients with acute severe UC. High inflammatory burden results in elevated amounts of TNF-a, which serve as a sink for infliximab, and results in the formation of immune complexes. 24 Phagocytosis and proteolytic degradation of these immune complexes is facilitated by an increase in the number of phagocytic mononuclear cells and the presence of activated matrix metalloproteinases in the inflamed mucosa. 18, 25 A severely damaged mucosal barrier results in efflux of infliximab into the colonic lumen and faecal loss of the drug. 28 The destruction of the colonic epithelium results in reduced availability of the neonatal Fc receptor which, together with increased saturation of neonatal Fc receptor binding sites by high concentrations of endogenous immunoglobulin G in the setting of inflammation, decreases neonatal Fc receptor-mediated recycling of infliximab. 18 Increased clearance of infliximab leads to low drug concentrations which may enhance immunogenicity and facilitate the formation of anti-drug antibodies due to loss of high zone tolerance. 32 These anti-drug antibodies further promote the degradation of infliximab.
the systemic circulation and mucosa. This "antigen sink" results in formation of immune complexes that, depending on their size and composition, are subject to phagocytosis. 24 The phagocytosis and proteolytic degradation of the immune complexes may be further facilitated by upregulation of the number of phagocytic mononuclear cells in response to systemic inflammation and increased activity of reticuloendothelial system macrophages. 18 The presence of activated matrix metalloproteinases in the inflamed mucosa further facilitates breakdown of infliximab. 25 A high concentration of endogenous immunoglobulin G that exists in the setting of severe inflammation may saturate neonatal Fc receptor binding sites, thereby disabling the recycling of the monoclonal antibody. 18 These neonatal Fc receptor binding sites are also found on the intestinal epithelium that facilitates recovery of luminal immunoglobulins. The extensive epithelial destruction present during acute severe UC may thus further decrease the availability of the neonatal Fc receptor salvage recycling system resulting in lower serum drug concentrations.
26.
Faecal loss: It is well recognised that substantial protein loss occurs in acute severe UC as a result of damage to the epithelial barrier. This phenomenon contributes to the high incidence of hypoalbuminemia observed in these patients. 27 Brandse et al. demonstrated that relatively high concentrations of infliximab can be detected in the faeces of IBD patients, especially in those with severe disease. 28 A similar phenomenon has been observed in patients with Crohn's disease (CD); in a series of 13 patients, faecal concentrations of infliximab and adalimumab were highest in patients with severely active disease and inversely correlated with serum infliximab concentrations. 29 Faecal loss of infliximab presents early, with the highest faecal concentrations seen in the first days following initiation of therapy.
28.
Anti-drug antibodies: The presence of high serum concentrations of TNF antagonists during induction therapy may protect against formation of anti-drug antibodies. 30, 31 Increased clearance of infliximab in acute severe UC patients may result in low serum drug concentrations and promote the formation of anti-drug antibodies, leading to an inadequate response. Evidence to support this concept comes from a small pharmacokinetic study of patients with moderate-to-severe UC who received induction therapy with infliximab. 32 Seven of the 19 patients in this study developed anti-drug antibodies as early as day 18 (median, 28 days; interquartile range, 18-42 days). The majority of these patients (5 of 7) had a high inflammatory burden as evidenced by a baseline serum CRP concentration > 50 mg/L. In a retrospective cohort study that compared infliximab trough concentrations and anti-drug antibody formation in patients with acute severe UC to those with moderate UC (N = 16 for both groups), there was a non-significant trend for higher anti-drug antibody concentrations in acute severe UC patients (1.2 AE 4 lg/mL as compared to 3.4 AE 5.7 lg/mL-eq, P = 0.06). 33 Finally, in a retrospective cohort of 115 patients with moderate-to-severe UC, 23 patients underwent sequential measurement of trough infliximab concentrations during induction therapy. Among 13 of 23 patients with undetectable serum infliximab concentrations, 77% (10/13) had developed antidrug antibodies by week 14.
34.
Additional patient factors: Patient-related factors that influence the clearance rate of infliximab include gender (more rapid clearance in males) and bodyweight (more rapid clearance in patients with high bodyweight but also in patients with a bodyweight <40 kg). 35, 36. Clinical data. Accumulating evidence suggests that the theoretical pharmacokinetic mechanisms proposed above translate into increased infliximab clearance, reduced infliximab trough concentrations and poor outcomes in patients with acute severe UC as compared to patients with less severe disease, and that infliximab dose intensification strategies have the potential to overcome these pharmacokinetic challenges (Table 1) .
Association between UC severity and increased drug clearance: Many studies have reported an association between severity of UC and infliximab treatment failure, indirectly suggesting that a conventional dose (5 mg/kg) insufficiently targets the inflammation associated with severe UC. [37] [38] [39] [40] [41] In a small prospective cohort study from Brandse et al., high baseline serum CRP (>50 mg/L), and low serum albumin (<35 g/L) concentrations and extensive colitis were independently associated with exposure to lower infliximab concentrations from weeks 0 to 6 32 . In a recently published retrospective study, infliximab and anti-drug antibody concentrations of hospitalised patients with acute severe UC were compared with those of patients with moderate-to-severe active UC 2 weeks after the first, or scheduled infusion (5 mg/kg). Patients with acute severe UC had significantly lower week 2 infliximab concentrations than those with less severe disease. 33 In a small series of patients with acute severe UC patients who had undergone serial measurement of infliximab trough concentrations during induction treatment, 8 of 13 patients had undetectable infliximab concentrations. 42. Results from the recently published ATLAS study further support the association between inflammatory bowel disease (IBD) severity and clearance of TNF antagonists. This study evaluated the pharmacokinetics of TNF antagonists in 30 patients with active IBD (6 UC, 24 CD; 18 treated with adalimumab, 12 treated with infliximab). While tissue concentrations of the TNF antagonists generally correlated with the degree of mucosal inflammation, low drug concentrations were seen in biopsies taken from severely inflamed mucosa, suggesting increased clearance in these patients. In addition, a much lower drug-to-TNF ratio was seen in moderate-toseverely inflamed tissue compared to less inflamed tissue, indicating that there was insufficient drug to neutralise the local TNF burden in patients with more severe disease. 21 The potential that high local concentrations of TNF might act as a drug "sink" was demonstrated by Olsen et al. who found an inverse correlation between TNF-a gene expression in the colorectal mucosa and the clinical outcome of infliximab induction therapy in 59 patients with moderate-to-severe UC. 43 .
Association between infliximab dosing, exposure and clinical outcomes in acute severe UC: The first study to demonstrate an association between clinical outcomes in acute severe UC and intensity of infliximab dosing was a retrospective multicentre study conducted in 83 acute severe UC patients. 44 In this study, the only variable Lower infliximab trough concentrations at week 14 in acute severe UC patients as compared to patients with moderately active disease (P = 0.007).
independently associated with early colectomy (within 2 months) was the number of infliximab infusions. There was a 35% colectomy rate after a single infusion compared with a 5% colectomy rate after multiple infusions. This finding was confirmed in another retrospective study from Denmark. 45 In a meta-analysis that compared infliximab and ciclosporin rescue therapy in patients with acute severe UC, infliximab appeared to be superior for prevention of colectomy at both 3-and 12 months (odds ratios of 0.38 and 0.33, respectively) when studies using only single-dose infliximab were excluded from the analysis. 13 .
Evidence linking infliximab concentrations with clinical outcomes in patients with moderate-to-severe UC was initially reported by Seow et al. who retrospectively evaluated 23 patients who had received sequential measurement of infliximab trough levels during infliximab induction therapy. Patients with detectable serum infliximab concentrations at week 6 had significantly higher rates of clinical and endoscopic remission (69% vs. 15% and 27% vs. 8% respectively) and a lower 24-week colectomy rate (7% vs. 55%; P = 0.001) than those with undetectable infliximab concentrations. 34 Similar findings were reported in a small series of 13 acute severe UC patients by Kevans et al., in whom undetectable infliximab serum concentrations during induction treatment were associated with long-term (30 weeks) infliximab anti-drug antibody formation and treatment failure (with or without colectomy). 42. Other retrospective studies have reported specific cutpoints for serum infliximab concentrations that are associated with an increased risk of colectomy in UC patients. In a retrospective study from 3 referral centres that included 99 biologic-na€ ıve UC patients with a primary nonresponse to infliximab, an infliximab concentration <16.5 lg/mL at week 2 was identified as an independent predictor of colectomy within a median follow-up period of 3.2 years. 46 In another retrospective single-centre study, infliximab serum concentrations >2.5 lg/mL at week 14 predicted colectomy-free survival with a median follow-up period of 5 years.
47.
Evidence for a benefit of infliximab dose optimisation in patients with acute severe UC. Dose increase: The possibility of improved efficacy with infliximab dose intensification originated from post hoc analyses of the ACT 1 and 2 studies. 48 In these two placebo-controlled trials that compared infliximab (5 mg/kg or 10 mg/kg) to placebo in 728 ambulatory patients with moderate-to-severe UC, only the 10 mg/kg was shown to reduce the need for colectomy through 54 weeks. 48 Furthermore, patients with an infliximab trough serum concentration in the lowest quartile of the distribution were less likely to achieve clinical response/remission and/or mucosal healing 49 than patients in the other quartiles, independent of randomised infliximab dose (5 mg/kg or 10 mg/kg). 49 This observation indicates that complex factors determine the infliximab dose-exposure relationship, and that these factors may better predict trough concentrations and clinical outcomes in individual patients than dose group assignment in clinical trials. This observation also suggests that a subset of patients with high rates of drug clearance may benefit from intensified infliximab dosing regimens.
Intensified dosing of infliximab:
In a retrospective single-centre analysis of 50 corticosteroid-refractory acute severe UC patients, Gibson et al. observed markedly lower early colectomy rates compared to historical values following the introduction of an intensified infliximab dosing regimen (three 5 mg/kg doses within a median period of 24 days) as standard practice in their institution. Colectomy rates during the induction period were 6.7% in patients who received intensified infliximab dosing (N = 15) and 40% in the historical cohort (N = 35, P = 0.039 for the comparison). Lower colectomy rates persisted after induction therapy in the group of patients who received intensified infliximab dosing; the colectomy rate with standard infliximab dosing was 51.4% at a median of 2.4 years of follow-up in the historical cohort and 27% in patients who received intensified infliximab dosing at a median follow-up of 1.6 years. 50 In another retrospective study by Govani and colleagues, the 90-day colectomy rate was compared in 17 acute severe UC patients treated with intensified infliximab dosing (an additional infusion at day 3 for patients with CRP ≥70 mg/L) and 40 patients who had received a conventional infliximab dosing regimen. 51 Average baseline serum CRP and albumin concentrations did not differ between the two groups. The intensified infliximab regimen was associated with a lower 90-day colectomy rate (47% vs. 12.5%, P = 0.01). Post-operative readmission rates were numerically higher in the patients treated with the intensified regimen (57.1% vs. 20% for the conventional regimen), however, post-operative complications (abscess, urinary or respiratory infections and rectal stump complication) were similar. 51. A retrospective multicentre study compared outcomes in nine acute severe UC patients who had received intensified infliximab dosing (three infusions within a median of 20 days) with 26 patients who had received standard dosing. No difference in 3-or 12-month colectomy rate was observed between the two groups of patients.
However, intensified dosing in this study was selectively administered to patients with higher CRP and CRP/albumin ratios in whom an increased colectomy rate was expected. 52. Some additional support for the use of intensified dosing comes from anecdotal case reports on poorly responding acute severe UC patients rescued from colectomy with intensified infliximab dosing. 28, 32 Although these observational data are compelling, the hypothesis that dose intensification in patients with acute severe UC is superior to standard dosing requires validation in a randomised trial.
Combination therapy with an immunosuppressive. The SUCCESS trial conducted by Pannacione et al. showed that the combination of infliximab and azathioprine is a more effective therapy than either infliximab or azathioprine alone in patients with moderate-to-severe UC. 53 Concomitant use of an immunosuppressive with infliximab in acute severe UC may reduce infliximab clearance by suppressing proteolysis and clearance by mononuclear cells of the reticuloendothelial system and by preventing immunogenicity and anti-drug antibody formation. 54. Co-administration of an immunosuppressive agent with infliximab was associated with a reduced risk of colectomy (odds ratio 0.34; 95% CI 0.121-0.963 P = 0.022) in a multicentre retrospective study that included 187 UC patients initiated on infliximab. 41 Finally, in a small nonplacebo-controlled clinical trial that randomised 26 patients with fulminant UC to infliximab or control, none of the patients in the infliximab group who underwent late (after 7 days) colectomy had used azathioprine during infliximab maintenance therapy, whereas most of the patients (12/14) without colectomy had used this medication. 55 In summary, azathioprine should be added to infliximab therapy for acute severe UC as soon as clinically possible. However, this practice should be avoided in the acute phase when oral tolerability of the patients is low and azathioprinerelated side-effects, such as pancreatitis or bone-marrow suppression, would be detrimental.
Infliximab as a first-line therapy for acute severe UC? Limited data are available comparing the relative efficacy of infliximab to corticosteroids as a first-line treatment for acute severe UC. A pilot trial randomised 13 acute severe UC patients to receive three infliximab (5 mg/kg) infusions or high-dose intravenous corticosteroids (1.5 mg/kg prednisolone, tapered to 1 mg/kg after 2 weeks followed by a weekly reduction of 5 mg). 56 The primary endpoint was a decrease of > 5 points from the baseline in the modified Truelove and Witts severity score, and an overall score < 10 points. 56 Similar outcomes were observed in both groups at 3 and 13 weeks. The small sample size of this trial precludes any conclusion regarding the relative efficacy of the two agents.
Similarly, there are no data on the combined use of corticosteroids and infliximab as first-line treatment. A randomised open label study (NCT02425852) designed by the Groupe d'Etude Therapeutique des Affections Inflammatoires Digestives has been designed to compare the combination of azathioprine and infliximab with the combination of azathioprine and corticosteroids in patients with acute severe UC. The proposed primary endpoint of the study is treatment failure at week 52 (defined as the absence of steroid free remission and/or mucosal healing at week 52, colectomy or death between day 0 and week 52, infliximab withdrawal in the azathioprine and infliximab group or infliximab introduction in the azathioprine and corticosteroids group).
Safety of intensified infliximab dosing regimens.
There is little evidence to indicate that patients treated with higher doses of infliximab or those with greater drug exposure (higher serum concentrations) are at an increased risk of side-effects such as serious infection. This observation, which is consistent with those observed with other monoclonal antibodies in IBD and other immune diseases, is likely a result of the high target specificity of these agents, such that increased exposure does not result in engagement of "off target" mechanisms. In the TREAT registry, which prospectively evaluated 6273 CD patients treated with infliximab, no increased safety signal was observed at 5 years in patients who had received dose escalation from 5 mg/kg to 10 mg/kg. 57 In addition, no association was found between infliximab serum trough concentrations and serious infection in the ACT trials. 49 Some notable exceptions exist. In a RCT that compared the safety of methotrexate monotherapy with methotrexate and infliximab (3 mg/kg or 10 mg/kg) combination therapy in patients with active rheumatoid arthritis, the 10 mg/kg induction regimen was associated with an increased risk of serious infections through week 22 (18/361 patients) as compared to the 3 mg/kg regimen (6/360 patients) (relative risk 3.1; 95% CI 1.2-7.9, P = 0.013). The vast majority of these infections were of the respiratory tract (including tuberculosis). 58. In addition, in a long-term safety study involving 107 patients with chronic obstructive pulmonary disease who had previously been enrolled in a 44-week phase two trial and had received at least 1 dose of infliximab, an increased mortality risk was observed in the group of patients randomised to treatment with 5 mg/kg infliximab (hazard ratio 1.83; 95% CI: 0.72, 4.66) compared to the group of patients randomised to treatment with 3 mg/kg infliximab (hazard ratio 1.05; 95% CI: 0.37, 3.00). The average duration of drug exposure in the combined infliximab treatment groups was 18.6 weeks. 59. Finally, an association between increased infliximab dose and increased risk of serious infections (pneumonia, abscesses, catheter sepsis, systemic fungal infections) was identified in a retrospective analysis of 86 patients with CD who had received high-dose infliximab therapy. 60 A serious infection rate of 1.87, 8.53 and 13.76 per 100 patient-years was observed in patients that received less then, equal to and more than 2.5 mg/kg infliximab/week, respectively. 60 These data, although limited, warrant caution and increased vigilance when prescribing infliximab dose intensification in acute severe UC patients who already carry a high overall burden of complications and are usually receiving concomitant corticosteroids and immunosuppressives.
Perspectives on infliximab dose-optimisation trials in patients with acute severe UC. As previously described, evidence from pharmacodynamic and pharmacokinetic studies indicate that increased infliximab clearance exists in patients with acute severe UC. Results of uncontrolled and largely retrospective series suggest considerable reduction in colectomy rates with an intensified infliximab induction schedule, although at a potentially increased risk of serious infections. Based on the results of a survey of North American and international specialists, many clinicians use some form of infliximab treatment intensification for acute severe UC in routine clinical care, although approaches vary widely from dose escalation, dose acceleration or a combination of these approaches. 8 These observations underscore the uncertainty amongst the clinical community regarding infliximab dosing in acute severe UC and show that clinical equipoise currently exists. A randomised trial comparing infliximab dosing regimens would inform clinical practice and either substantiate or refute the findings from aforementioned observational studies. However, a clinical trial to inform a more personalised approach to dosing has considerable challenges and several valid approaches to its design.
We are aware of one trial (PREDICT-UC) currently underway (NCT02770040) that compares the standard (5 mg/kg at week 0, 2 and 6) infliximab regimen with an accelerated induction regimen (5 mg/kg at week 0, 1 and 3) and a combined accelerated induction and dose increase regimen (10 mg/kg at week 0 and 1) in patients with acute severe UC. The primary endpoint of this trial is 90-day colectomy rate. This is an important trial which will hopefully determine whether an intensified induction regimen can improve outcomes for patients with acute severe UC. However, this trial will not determine if this approach should be used for all acute severe UC patients. Lower risk patients may attain benefit from standard induction infliximab dosing, and would thus avoid the increased costs and potential risks associated with infliximab dose intensification. Thus, an opportunity exists to personalise infliximab dosing based upon risk factors for colectomy. Furthermore, not all patients with acute severe UC are likely to exhibit higher rates of infliximab clearance, and it is therefore also logical to restrict dose intensification to those with inadequate drug exposure.
Population: Based on the available evidence, an enrichment strategy to include acute severe UC patients who are most likely to benefit from an infliximab dose optimisation is an attractive approach to a clinical trial of treatment strategies for acute severe UC. While several indices have been developed to predict corticosteroid failure in acute severe UC, [61] [62] [63] [64] no predictive index for assessment of response to rescue treatment currently exists. However, several objective markers have been investigated in this regard.
Serum CRP: Several reports have underscored the value of CRP concentration at admission and infliximab initiation as risk stratification for acute severe UC patients. A CRP concentration >29 mg/L at the first infliximab infusion was predictive of colectomy in a retrospective study, 45 and a high baseline CRP concentration (≥ 30 mg/L) was independently associated within the risk of colectomy within the first 3 months from the first infliximab infusion in a prospective multicentre study. 65 Collectively, these findings suggest a CRP concentration ≥ 30 mg/L is an appropriate cut-off to select acute severe UC patients for a therapeutic strategy trial.
Serum albumin: Serum albumin may be used as a biomarker of proteolysis, the efficiency of the neonatal Fc receptor salvage recycling system and the amount of faecal protein loss. 66 As such, it may be an indirect predictor of the infliximab clearance rate and the need for dose optimisation. Gibson et al. observed that a serum albumin concentration > 22 g/L at infliximab initiation, which was present in more than half (26/50) of the acute severe UC patients in their study, was associated with a reduced colectomy rate (relative risk: 0.84, 95% CI: 0.75-0.95, P = 0.003). 50 Serum CRP/albumin ratio: A CRP/albumin ratio of 1.75 at day 3 of admission was associated with a need for colectomy (sensitivity of 72%, specificity of 75%) in a retrospective cohort of 129 patients with acute severe UC. 69 The 3-year colectomy rate was 20% for CRP/albumin ratio <1.75 and 50% for a ratio >1.75. In this study, day 3 CRP/albumin ratio was a more accurate predictor of subsequent 30-day colectomy than day 3 albumin alone (area under the curve 0.78 vs. 0.70). 69 Faecal calprotectin: Calprotectin is a neutrophil derived protein that correlates with intestinal inflammation. One study of 90 acute severe UC patients found that a faecal calprotectin concentration > 1922 lg/g could predict the need for colectomy with an area under the curve of 0.65. 70 However, an important disadvantage of faecal calprotectin is its high variability in patients with active UC, which precludes its use as the basis for therapeutic strategies. 71 Radiological indices: Small bowel distention on plain abdominal radiography during the acute admission predicts an increased risk of colectomy. 72 Pilot data in 22 patients with acute severe UC undergoing unprepared MRI demonstrated that the total colonic inflammatory score had a positive predictive value for colectomy, Step 1: Individually predicted infliximab concentration-time profile for patients with acute severe UC using population PK model and based on covariates to inform optimal starting dose.
Step 1: Measurement of infliximab levels by rapid point-of-care test to update model and inform type of dose intensification (supplemental infusion, dose increase, or both) if predicted target concentration is not attained. Figure 3 | Proposed framework for the design of a randomised controlled trial in acute severe UC comparing a personalised infliximab dose-optimisation strategy with conventional dosing in-patients with at least 1 poor prognostic factor (primary outcome; 90-day colectomy rate). The personalised arm would be informed by a population-based PK model that allows for adjustment of the first dose of infliximab in order to obtain the predicted and desired target drug concentration. Subsequent dose adjustment could be performed at various timepoints (the authors propose weeks 1, 2, 4 and 6) based on the results of rapid (≤ 20 minute) point-of-care tests.
although availability of this modality in the acute setting is a substantial limitation to this approach.
73.
Endoscopic lesions: Severe endoscopic lesions have been associated with infliximab failure and colectomy in acute severe UC patients. In a large retrospective cohort of 113 acute severe UC patients, 27 of 81 patients (33.3%) with severe endoscopic lesions at baseline (defined as the presence of deep ulcers and/or spontaneous bleeding) underwent colectomy within 12 months compared to 2 of 32 patients (6.2%) without severe endoscopic lesions.
65
Interventions: Both serum CRP and infliximab concentrations have been associated with the risk of colectomy during infliximab induction treatment, however, the proposed cut-offs differ widely amongst studies. 32, 44, 74, 75 Given the multiple factors influencing infliximab drug exposure, a personalised approach to initial and subsequent dosing should be informed by a population-based pharmacokinetic model that would account for dynamic changes in parameters such as serum CRP and albumin concentrations ( Figure 3 ). This model would ideally identify the optimal target drug concentrations that should be measured with rapid point-of-care tests to allow for subsequent and timely dose adjustments ( Figure 3 ).
Outcomes: Colectomy is the most relevant clinical endpoint for acute severe UC clinical trials. The vast majority of colectomies in acute severe UC patients occur in the first weeks to months. 12 As such, the 90-day colectomy rate is an appropriate primary endpoint for an interventional trial. Based upon retrospective data, a 40%-50% relative reduction in colectomy rates at 90 days (e.g., from approximately 20% to 10%) would be a clinically important difference. 13 Secondary endpoints would include clinical response at day 7, a relapse between day 7 and day 90, incidence of severe adverse events, and mortality.
CONCLUSIONS
In summary, increased understanding of the pharmacokinetics of infliximab and emerging clinical data from observational studies indicate that some patients with acute severe UC have increased infliximab clearance, resulting in low serum infliximab concentrations and suboptimal clinical response. Case-controlled studies and case-series indicate that an intensified infliximab induction regimen may markedly reduce short-term colectomy rates after acute severe UC. A RCT is now needed to compare 90-day colectomy rates between a standard of care approach and a personalised infliximab regimen (ideally guided by serum CRP and infliximab drug concentrations) in acute severe UC patients, to inform clinical practice and guidelines.
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